Xenopus laevis oocytes are giant cells suitable for studies of plasma membrane receptors and signal transduction pathways because oftheir capacity to express receptors after injection of heterologous mRNA. We studied depolarizing chloride currents evoked by acetylcholine (AcCho) in native oocytes ("intrinsic AcCho response"), by thyrotropinreleasing hormone (TRH) in oocytes injected with pituitary (GH3) cell RNA ("acquired TRH response"), and by AcCho in oocytes injected with rat brain RNA ("acquired AcCho response"). We found differences in the latencies and patterns of these responses and in the responsiveness to these agonists when applied to the animal or vegetal hemisphere, even though all of the responses are mediated by the same signal transduction pathway. The common intrinsic response to AcCho is characterized by minimal latency (0.86 ± 0.05 sec), a rapid, transient depolarization followed by a distinct prolonged depolarization, and larger responses obtained after AcCho application at the vegetal rather than the animal hemisphere. By contrast, the acquired responses to TRH and AcCho are characterized by much longer latencies, 9.3 ± 1.0 and 5.5 ± 0.8 sec, respectively, and large rapid depolarizations followed by less distinct prolonged depolarizations. The responsiveness on the two hemispheres to TRH and AcCho in mRNA-injected oocytes is opposite to that for the common intrinsic AcCho response in that there is a much greater response when agonist is applied at the animal rather than the vegetal hemisphere. We suggest that the differences in these responses are caused by differences in the intrinsic properties of these receptors. Because different receptors appear to be segregated in the same oocyte in distinct localizations, Xenopus oocytes may be an important model system in which to study receptor sorting in polarized cells.
ABSTRACT
Xenopus laevis oocytes are giant cells suitable for studies of plasma membrane receptors and signal transduction pathways because oftheir capacity to express receptors after injection of heterologous mRNA. We studied depolarizing chloride currents evoked by acetylcholine (AcCho) in native oocytes ("intrinsic AcCho response"), by thyrotropinreleasing hormone (TRH) in oocytes injected with pituitary (GH3) cell RNA ("acquired TRH response"), and by AcCho in oocytes injected with rat brain RNA ("acquired AcCho response"). We found differences in the latencies and patterns of these responses and in the responsiveness to these agonists when applied to the animal or vegetal hemisphere, even though all of the responses are mediated by the same signal transduction pathway. The common intrinsic response to AcCho is characterized by minimal latency (0.86 ± 0.05 sec), a rapid, transient depolarization followed by a distinct prolonged de- polarization, and larger responses obtained after AcCho application at the vegetal rather than the animal hemisphere. By contrast, the acquired responses to TRH and AcCho are characterized by much longer latencies, 9.3 ± 1.0 and 5.5 ± 0.8 sec, respectively, and large rapid depolarizations followed by less distinct prolonged depolarizations. The responsiveness on the two hemispheres to TRH and AcCho in mRNA-injected oocytes is opposite to that for the common intrinsic AcCho response in that there is a much greater response when agonist is applied at the animal rather than the vegetal hemisphere. We suggest that the differences in these responses are caused by differences in the intrinsic properties of these receptors. Because different receptors appear to be segregated in the same oocyte in distinct localizations, Xenopus oocytes may be an important model system in which to study receptor sorting in polarized cells.
The molecular mechanisms of signal transduction by agonists that interact with receptors on the surface of cells are being intensively investigated. Several groups of workers have chosen Xenopus laevis oocytes as a model system because the large size of the oocyte allows for easy manipulation of the intracellular milieu in intact cells. The responses to a number of agonists for which the native oocyte possesses receptors ("intrinsic responses") have been studied. These include responses, for example, to acetylcholine (AcCho) (1, 2) , isoproterenol (3), and adenosine (4). Also, because injection of mRNA results in expression of functional cell-surface receptors, other receptors can be studied. Hence, responses to a growing number of agonists have been monitored in Xenopus oocytes ("acquired responses"). These include responses to AcCho (nicotinic) (5) , y-aminobutyric acid (6, 7) , glycine (7) , kainate (6), AcCho (muscarinic) (8) , and thyrotropin-releasing hormone (TRH) (9) . Receptors that use the inositol lipid-inositol trisphosphate-calcium pathway are particularly amenable to study in Xenopus oocytes because a response to activation of this pathway is easily monitored by electrophysiological techniques simultaneously with biochemical measurements of the intracellular messengers (10, 11) .
We have studied the intrinsic response to AcCho (10, 12) and the acquired response to TRH in Xenopus oocytes (9, 11) . We showed that both of these responses involve hydrolysis of phosphatidylinositol bisphosphate to generate inositol trisphosphate that leads to mobilization of cellular calcium and then to stimulation of chloride currents. Although the intrinsic response to AcCho and the acquired response to TRH appear to be mediated by the same pathway, we have observed differences in the pattern and kinetics of the depolarizing chloride currents evoked by these two agonists. Here, we compare the kinetics of these responses and that of an acquired response to AcCho and correlate them with the asymmetry ofresponsiveness to these agonists when they are applied to the two hemispheres of the oocyte. (12) . Oocytes were maintained at 20'C in 70% L-15 medium supplemented with 50 ,ug of penicillin G per ml and 0.5 mM theophylline.
METHODS
Electrophysiology. In a 0.4-ml perfusion chamber, a single oocyte was impaled with two standard glass electrodes (0. Mfl resistance) filled with 3 M KCI and maintained under voltage clamp by using a Dagan (Minneapolis) 8500 intracellular clamp. Drugs were included in the perfusate and applied at a flow rate of 5 ml/min or were added directly into the chamber or administered via direct application to the animal or vegetal hemisphere at the pole by a micropipette positioned at a distance of approximately 70 Aum. When agonists were applied in the perfusate, the latency of the response was calculated by subtracting the time required for the drug to reach the perfusion chamber (5.5 sec). The time required to reach 50% of the maximal drug concentration in the chamber was 9.5 sec.
Preparation of RNA. GH3 cell RNA was prepared as described (9) . In brief, cells were grown to confluence in 175-cm2 flasks, harvested, and lysed by hypotonic shock, and tTo whom reprint requests should be addressed.
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Proc. Natl. Acad. Sci. USA 85 (1988) 3821 a cytosolic fraction was obtained. The cytosolic supernatant was diluted with 4 volumes of guanidinium isothiocyanate solution, and the RNA was isolated by centrifugation through a 3-ml cushion of 5.7 M CsCl/100 mM EDTA. The RNA pellet was washed, dissolved in water, reprecipitated with ethanol, and redissolved in water. Brain RNA (13) was generously provided by Stuart Sealfon (Mount Sinai Medical Center, New York). RNA (250-300 ng) was injected (25-50 nl) at the equator line, and responses were tested 24-120 hr after the injection.
Solutions and Chemicals. The composition ofOR-2 solution was 82.5 mM NaCl/10 mM sodium Hepes/2.5 mM KCl/2 mM CaCI2/1 mM MgCl2/1 mM sodium phosphate 1, pH 7.5. TRH was purchased from Calbiochem and AcCho from Sigma. All chemicals were obtained from previously described sources (9, 12) and were of analytical grade. Fig. 1 illustrates typical responses to maximally effective concentrations of TRH in oocytes injected with an optimal amount of RNA from GH3 cells (9, 11) ("acquired TRH response") ( Fig. LA) , of AcCho in uninjected, native oocytes ("intrinsic AcCho response") ( Fig. 1B) , and of AcCho in oocytes injected with an optimal amount of RNA from rat brain ("acquired AcCho response") ( Fig. 1C ). In these experiments, agonist was added to the perfusion medium. The acquired responses were similar whether they were monitored in denuded (defolliculated) oocytes or in oocytes surrounded by follicular cells (follicles), whereas the intrinsic AcCho response was observed consistently only in oocytes in follicles. All three responses consisted of two major components. There was a rapid, transient depolarizing current followed by a prolonged depolarizing current, which usually had superimposed current fluctuations. The pattern of the rapid depolarizing current was similar in all three circumstances, reaching a peak level within 3 sec after its onset followed by a slower decay. The amplitude of the rapid depolarizing current of the acquired responses was greater than the amplitude of the intrinsic AcCho response. The patterns of the prolonged depolarizing currents were similar for the acquired TRH and AcCho responses but were different for the intrinsic AcCho response. In the acquired responses, the prolonged depolarizing currents were usually smaller in amplitude than the rapid depolarizing currents and did not attain distinct peak values. In the intrinsic AcCho response, the prolonged depolarizing current showed a distinct, broad peak of variable amplitude.
RESULTS
The latency period between addition of a maximally effective concentration of each agonist and the onset of activation ofthe rapid depolarizing current was characteristic for each response (Fig. 1) . The latency period for the acquired TRH response was 16.6 + 1.4 sec (n = 29), for the intrinsic AcCho response was 2.3 ± 2.9 sec (n = 45), and for the acquired AcCho response was 6.9 ± 0.8 sec (n = 16). To demonstrate that there was no artifact in measurement of the latency periods caused by the perfusion system, the latencies were determined by direct addition of agonists to the medium in the chamber in which the oocytes were incubated. In these experiments, the latency periods were modestly shorter than those measured during perfusion. They were 9.3 ± 1.0 sec (n = 23), 0.86 ± 0.05 sec (n = 37), and 5.5 ± 0.8 sec (n = 16) for the acquired TRH response, the intrinsic AcCho response, and the acquired AcCho response, respectively.
Because the latency periods and the patterns of depolarizing currents found for both acquired responses were similar, but different than that for the intrinsic AcCho response, it was possible that these differences were characteristic of acquired and intrinsic responses. However, this is not always the case. As reported previously (2), rarely aXenopus female is found whose oocytes are much more sensitive to AcCho stimulation, with responses occurring with nanomolar concentrations of AcCho (Fig. 2) rather than requiring micromolar concentrations. The intrinsic AcCho response in these "sensitive" oocytes is usually of much greater amplitude than in the more commonly obtained oocytes (Fig. 2) . Most importantly, the pattern of the response in the "sensitive" oocytes was similar to that observed with the acquired responses, and the latency period measured in "sensitive" oocytes was similar, 18.4 ± 2. Xenopus oocytes are asymmetric. The pigmented animal hemisphere, which contains the giant nucleus (germinal vesicle), is distinct from the unpigmented vegetal hemisphere. Based on the suggestion that the receptors involved in the intrinsic AcCho response may be asymmetrically distributed on the surface of the oocyte (3), we compared the acquired TRH and AcCho responses with the intrinsic AcCho response when the drugs were added by pressure injection in a small volume (10-20 nl) to the animal or vegetal hemisphere. Fig. 3 illustrates typical responses with such local agonist application in mRNA-injected and native oocytes. As expected, the responses were markedly smaller with local application of agonists than with global application, such as with addition of agonists to the perfusate (compared to Fig.  1 ). Most importantly, there were significant differences in the amplitudes of the responses observed with each agonist when it was applied to the animal or vegetal hemisphere ( Xenopus oocytes and by AcCho in the majority of native uninjected oocytes. These differences are interesting because the actions of TRH and AcCho (muscarinic) appear to be mediated in oocytes via the same mechanism of signal transduction leading to the same electrophysiological response, chloride flux-mediated depolarization (9-12). This However, any hypothesis that is developed must take into account the striking finding that whenever a response is elicited, its latency and kinetics are the same whether it is evoked by application of agonist at the animal or vegetal hemisphere or globally. This is true even though the amplitude of the response may be markedly different when evoked at one versus the other hemisphere (Table 1 ) or when applied globally (Fig. 3) . Hence, differences in the density of receptors or the hemispheric localization of receptors do not appear to be responsible for these properties. For the same reasons, it does not appear that all of these differences could have resulted from asymmetric distribution of other components of the signal transduction pathway, such as, phosphatidylinositol bisphosphate, the phospholipase C enzyme, the cellular stores of Ca2 , or the chloride channels even though, for example, asymmetric distribution of chloride channels has been described (14) . Specifically, asymmetric distribution of components of the transduction pathway may be responsible for differences in the amplitudes of the responses evoked by local application of agonists but could not account for the characteristic latencies and patterns of the responses. It seems likely, therefore, that the different responses are caused by differences in the intrinsic properties of the receptors. These properties may also lead to the apparent asymmetry in distribution of functional receptors, perhaps because of differential sorting during receptor synthesis or redistribution of receptors within the cell surface membrane. This hypothesis is tenable even though both types of responses can be evoked by AcCho because it has been shown that there are several subtypes of muscarinic AcCho receptors (15) that may activate the inositolphospholipid pathway of signal transduction. Because we have been unable to measure receptor binding of AcCho or TRH to intact oocytes or oocyte membranes (unpublished observations), we can not correlate the functional measurements described here with receptor localization, quantitation, or characterization by binding methods. Nevertheless, it appears likely that the responses that were measured provide an accurate reflection of the density and distribution of functional TRH and AcCho receptors. We suggest, therefore, that Xenopus oocytes may be an important model system in which to study receptor sorting in polarized cells.
